(Romanski and LeDoux, 1992). One pathway, the direct thalamo-amygdala pathway, originates in the medial geniculate nucleus (MGm) and in the posterior intralaminar Summary nucleus (PIN) of the thalamus. The second pathway, the indirect cortico-amygdala pathway, extends from the We identified the Grp gene, encoding gastrin-releasing auditory thalamus to the auditory cortex (TE3 area) and peptide, as being highly expressed both in the lateral includes a further projection that relays the processed nucleus of the amygdala, the nucleus where associaauditory information from the cortex to the lateral amygtions for Pavlovian learned fear are formed, and in the dala. After these two inputs are processed in the lateral regions that convey fearful auditory information to the nucleus, the signal is distributed to other amygdaloid lateral nucleus. Moreover, we found that GRP receptor
a chloride-based intrapipette solution. Consistent with increase in frequency of GABA sIPSCs was likely due to excitation of the interneurons by GRP leading to an the notion that the sIPSCs are mediated by the GABA A receptors, these currents were completely blocked (Fig- increase in the firing of action potentials in GABAergic interneurons. We further supported this by blocking the ures 4A 3 and 4B 2 ) by ␥-aminobutyric acid-A (GABA A ) receptor antagonist, picrotoxin (50 M, n ϭ 10), at a effects of the agonist by applying a Na ϩ channel blocker tetrodotoxin (TTX, 1 M, n ϭ 7; Figure 4A 2 ). These findholding potential of Ϫ70 mV.
In the absence of a GABA A receptor blockade, applicaings in the lateral amygdala are consistent with previous work in the hippocampus, where bombesin-like neurotion of GRP (200 nM) led to a significant increase in the frequency of sIPSCs in the soma of the principal cells peptides (including GRP) elicited a marked increase in the frequency of GABA A receptor-mediated IPSCs reof wild-type mice (baseline: 5.23 Ϯ 0.68 Hz; GRP: 10.12 Ϯ 1.0 Hz; n ϭ 17 cells, obtained from 5 control corded in CA1 pyramidal neurons (Lee et al., 1999) mediated by depolarization and induced repetitive firing of mice; significant difference, paired t test, t ϭ 4.99, P Ͻ 0.0002; Figures 4A-4C) . Therefore, we think that the GABAergic interneurons in the stratum oriens. We specifically linked the observed effect of the bathtion of GRP receptors localized on interneurons, we turned to mice in which the gene for GRPR was knocked applied GRP to the activation of GRPR. Figure 3B ). Immunohistochemistry on brain sections of these mice with interneu-6 cells). The difference in the frequency of sIPSCs in the baseline conditions and after the GRPR antagonist ron-specific antibodies (parvalbumin, calretinin, and calbindin) revealed no differences between knockout mice application was not statistically significant (paired t test, t ϭ 1.21, P ϭ 0.3), suggesting that the bombesin antagoand wild-type controls (data not shown). However, in situ hybridization revealed that the GABAergic interneunist fully abolished the GRP-induced increase in the frequency of the sIPSCs. rons in the knockout mice were lacking GRPR ( Figure  3C ). Consistent with these findings, we found in the mutants that the GRP-mediated negative control of the Knockout of GRPR Eliminates Tonic Inhibition excitatory synaptic inputs to principal cells in the lateral To obtain independent evidence that GRP induces enhancement of GABAergic tonic inhibition due to activanucleus was lacking. In slices from mice in which the and Contextual Cues We first trained GRPR-deficient mice in Pavlovian cued the amygdala was compared (in a blinded fashion) in slices from control and from GRPR knockout mice, we and contextual fear conditioning, an amygdala-dependent task, which depends on the ability of the animal to found that LTP was significantly greater in knockout than in control mice ( Figure 5B) , with an average LTP learn and remember that auditory cue or context predict electric shock. During training, the level of overall freezof the EPSC to 2.02 Ϯ 0.2 (n ϭ 12 cells) and 1.33 Ϯ 0.13 (n ϭ 9 cells) of the baseline EPSC value, respectively. ing of knockout animals was not significantly different from wild-type littermate controls. For both groups, The difference in the amount of LTP measured over a 5 min period (between 35 and 40 min after pairing) befreezing was slightly increased within 30 s immediately after training ( Figure 6A 1 ) . tween control and knockout mice was statistically significant (t test, t ϭ 2.96, P Ͻ 0.01). Thus, the ablation of When tested for amygdala-dependent tone fear con- amygdala and specifically in its circuitry for learned fear This suggests that the mutant mice not only rememand we have found that knockout of GRPR enhances bered the context where they received the shock the amygdala-based learning, we were curious to know if we day before, but that they also developed with time a can use GRPR-deficient mice to dissociate amygdalastrong aversive response to this environment associdependent from hippocampus-dependent learning. To ated with a painful experience. The ANOVA revealed determine whether GRPR is important for a purely hipa significant effect of genotype ([F(1,16) preference for the target quadrant during the probe trial We also analyzed mutant mice for short-term memory performed on the last day of the experiment ( Figure 6C 4 ) . at 30 min and at 4 hr in independent groups. For both We found no differences between groups in this task time points, there was no significant difference between (no genotype effect), suggesting that the deletion of mutant and wild-type mice in both contextual and cued the GRPR does not enhance hippocampus-dependent fear conditioning ( Figure 6B) . Thus, the enhancement in learning that is independent of the amygdala, which is learned fear observed in GRPR knockout mice is specific similar to the results of Wada and coworkers (Wada to long-term but not short-term memory. et al., 1997). These results support the notion that the To verify that the increase in freezing displayed by amygdala is directly involved in learned fear (Fanselow GRPR knockout mice in the fear-conditioning experiand LeDoux, 1999) and that it does not merely modulate, ment was not due to an increased sensitivity to the emotionally, memories formed in other brain structures shock, we performed a control experiment in which we like the hippocampus. administered electric shock of increasing intensity while recording the behavioral response exhibited by the mice Discussion (Harrel, 2001) . There was no difference between groups in the intensity of shock required to elicit movement, We have identified, characterized, and localized to a vocalization, or jump ( Figure 6D ), indicating that an inspecific inhibitory neural circuit in the lateral nucleus of crease in freezing observed in the fear conditioning exthe amygdala a molecular signaling network important periments was due to the learning process and not to for learned fear. When this inhibitory molecular network a difference in pain sensitivity. water maze, which is dependent on the hippocampus We found that GRP is expressed in a group of glutamatergic principal neurons enriched in zinc. Interestbut not the amygdala. This finding is again consistent quadrant (wild-type, n ϭ 9; knockout, n ϭ 9). For each phase, four trials, 120 s maximum and 15 min ITI (inter-trial interval) were given at 1 kHz and digitized at 5 kHz. The holding potential was Ϫ70 mV. In all LTP experiments, the stimulus intensity was adjusted to produce daily. Probe trials (60 s), during which the platform was removed, were performed to assess retention of the previously acquired inforsynaptic responses with an amplitude which constitutes ‫-%02ف‬ 25% of maximum amplitude EPSC. Since we controlled for the size mation. of the baseline EPSC, the induction conditions were identical for both LTP groups (control and knockout mice). The EPSC amplitudes
